The cerebellum receives signals directly from peripheral sensory systems and indirectly from the 16 neocortex. To reveal how these different types of signals are processed in the cerebellar cortex, in 17 vivo whole-cell recordings from granule cells and unit recordings from Purkinje cells were 18 performed in mice in which primary somatosensory cortex (S1) could be optogenetically inhibited.
INTRODUCTION

27
The cerebellum and neocortex are interconnected by a large fiber system (Schmahmann et al., field potentials were recorded from the GCL of the ipsilateral crus II area of the cerebellum and the 112 upper lip area of the contralateral S1. S1 was optogenetically suppressed in alternating trials. frequency bursts with either early or late timing ( Figure S3 ). Thus, the multiple EPSCs in each component were likely derived from a single mossy fiber. Furthermore, as the interevent intervals 
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(A) Representative recording; simultaneous field potential recording from S1 (top) and whole-cell e e g reflecting a longer multistep pathway for transmission of the late response. However, the amplitude of individual EPSC events was larger for the early components ( Figure 2E ), suggesting that the expected, the late component of EPSCs was mostly eliminated by optogenetic suppression of S1 obtained when synaptic charge (the area over the curve), instead of event number, was measured 186 as an indicator of synaptic strength ( Figures S4A and S4B ). Furthermore, spontaneous EPSCs 187 were partially blocked by the suppression of S1 ( Figure S5 ). These results indicate that granule 188 cells receive convergent inputs from two types of mossy fibers, although the balance of these 189 inputs varies between cells. Additionally, we recorded inhibitory postsynaptic currents (IPSCs) in a 190 small number of granule cells (n = 4) to examine feed-forward inhibition from Golgi cells. IPSCs 191 also exhibited two components, and the late component was suppressed by light illumination of S1
192
( Figures S4C and S4D ).
194
Spike output of single granule cells in vivo 195
To investigate how synaptic inputs trigger action potentials in granule cells, we recorded 196 membrane potentials in current clamp ( Figure 3A ). The resting potentials of granule cells varied 197 widely (from -96.0 to -50.8 mV; mean, -72.9 ± 3.4 mV, n = 16). In cells that had a relatively 198 hyperpolarized resting potential, the excitatory postsynaptic potential (EPSP) did not reach the 199 spike threshold ( Figure 3B ), indicating that a single tactile stimulus generates a spike in only a 200 subset of the granule cells. As the resting potentials of granule cells are modulated by multiple 201 factors, such as tonic inhibition from Golgi cells and potassium channel function (Duguid et al., 202 2012; Hamann et al., 2002; Millar et al., 2000) , we applied steady depolarizing current (up to 20 203 pA) to 9 of the 16 cells, thereby raising the average resting potential to -57.2 ± 1.9 mV (n = 16, 204 including seven cells without adjustment) and increasing their propensity to fire in response to 205 tactile stimulation of the upper lip (11/16 cells fired action potentials; cutoff, 0.5 spikes/trial) 206 (Figures 3A and 3B) . In this condition, the granule cells fired during the early or late phase (Figure
207
3C). As expected, action potentials in the late phase were eliminated by photoinhibition of S1 208 ( Figure 3F ). Investigation of the relationship between synaptic inputs and firing outputs showed 209 that the number of action potentials evoked in the early phase correlated with the number of EPSC 210 events during the same period (r = 0.77, n = 13) ( Figure 3D , left). However, the correlation was 211 less clear in the late phase (r = 0.53, n = 13) ( Figure 3D , right), suggesting that factors other than 212 instantaneous synaptic inputs may be involved. Indeed, depolarization during the early phase was 
Sensory-evoked responses in granule cells in various parasagittal bands
243
The cerebellar recording electrodes in the above-described experiments were positioned coarsely 244 around the 6+ band in crus II. To characterize the distribution of trigeminal and corticopontine 245 projections in crus II, we used Aldoc-Venus mice in which the various bands can be visualized 246 ( Figure 4B ). Field potentials were recorded from S1 simultaneously with in vivo whole-cell voltage 247 clamp recordings from the cerebellar granule cells in 5+, 5-, 6+, and 7+ bands. As observed in 
252
Consistent results were obtained with field potential recordings ( Figure S7A ). These results
253
indicate that the putative trigeminal and corticopontine mossy fiber inputs are variably distributed 254 over multiple bands in crus II. Furthermore, trial-by-trial analysis revealed a correlation between the 255 amplitude of the S1 response and the number of EPSC events in the late component but not in the 256 early component (Figures 4D and 4E) , confirming that only the late component is S1 dependent.
257
Similar to that observed in VGAT-ChR2 mice, the mean EPSC amplitude was larger and the jitter 258 of the first event was smaller in the early response than in the late response, and the interevent 259 intervals did not differ (Figures S7C-E).
261
Effect of S1 photoinhibition on SS and CS in Purkinje cells
262
We next investigated how the suppression of S1 affects the firing of Purkinje cells, which are 263 downstream of granule cells in the cerebellar circuit (Bower and Woolston, 1983) . In general, 264 simple spikes (SS) in Purkinje cells are generated spontaneously but are affected by excitatory 265 synaptic inputs from parallel fibers (i.e., granule cell axons) and inhibitory synaptic inputs from 266 molecular layer interneurons, whereas complex spikes (CS) are triggered solely by climbing fiber 267 inputs. Under control conditions (without S1 inhibition), there were four phases of SS in response 268 to stimulation of the upper lips of VGAT-ChR2 mice, namely, early excitatory (within 10 ms after 
283
Means ± SEMs are presented as black bars and lines, respectively. See also Figure S7 .
285
Photoinhibition of S1 did not affect the early phases of SS but eliminated the late excitatory and 286 inhibitory phases ( Figures 5A-5D ). Interestingly, the CS response was also abolished. These 287 results suggest that the direct trigeminal inputs to granule cells trigger the early excitatory and 288 inhibitory phases of SS, the latter of which presumably results from the activation of molecular 289 layer interneurons (Blot et al., 2016; Jelitai et al., 2016) . These results also suggest that the late 290 excitatory responses of SS reflect inputs from S1. However, the late inhibitory response could 291 reflect either an interneuronal effect or a pause after CS. As CS did not always occur under the 292 control condition, we were able to separate traces with CS from those without ( Figure S8 ). The late 293 inhibition phase of SS was larger in traces with CS than in those without CS, suggesting that the 294 late inhibition largely reflects the pause after CS. We also tested the effects of photoinhibition at 295 multiple loci in the neocortex and found that suppression of the upper lip area of the contralateral 296 S1 was most effective in blocking CS in Purkinje cells ( Figure 5E ). Furthermore, suppression of S1 297 with a long (10 s) light stimulus inhibited spontaneous CS firing and triggered rebound activation 298 after the light was turned off, suggesting that the spontaneous activity of the inferior olive is under 299 strong control of S1. However, this photoinhibition had no effect on SS firing ( Figure S9 ),
300
suggesting that S1 activity is not directly linked to the spontaneous activity of granule cells ( Figure   301 S5) in line with a previous report (Ros et al., 2009 ). 
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Simultaneous field potential recordings from S1 are not shown. SS (black) and CS (red) are plotted recoders as proposed by Marr and Albus. By contrast, granule cells that fire in response to a burst of synaptic input from either a direct or S1-mediated connection may work as a simple relay or a trigeminal and corticopontine pathways can be activated independently is required to test this. corticopontine inputs than trigeminal or spinal ones, and that aldolase-c-negative bands have the 362 opposite trend (Biswas et al., 2019; Na et al., 2019) , although there may be some overlap (Valera 363 et al., 2016) . Our present results (Figures 4 and S7) are consistent with those studies, confirming 364 that different types of mossy fibers tend to innervate different compartments at the macroscopic 365 level. However, at the single-cell level, the strengths of these two types of inputs were neither 366 positively nor negatively correlated ( Figure 2B ), suggesting that two independent mossy fibers 367 synapse with a granule cell by chance, without attracting or repelling each other (Solowska et al., 368 2002) . The randomness of these connections is consistent with the expansion recoding hypothesis 369 of granule cells proposed by Marr and Albus (Cayco-Gajic and Silver, 2019) .
370
An electrophysiological study using extracellular recording suggested that the GCL has a 371 stratified organization in which the trigeminal mossy fibers are located deeper than the 372 corticopontine mossy fibers (Tahon et al., 2011) . Although our results do not directly contradict this 373 idea, they strongly suggest that the trigeminal and corticopontine mossy fibers largely overlap in 374 the GCL even if they tend to be distributed at different depths. Future studies, such as those using 375 functional cellular imaging (Giovannucci et al., 2017; Wagner et al., 2017 Wagner et al., , 2019 , may elucidate the 376 detailed organization of the GCL.
377
As there are extensive studies regarding inhibitory inputs to granule cells from Golgi cells 378 (Duguid et al., 2012 Tabuchi et al., 2018; Vos et al., 1999) , we performed only a few 379 experiments on IPSCs in this study. We found that, like EPSCs, the IPSC events had two phases.
380
These currents were delayed in relation to EPSCs by only a few milliseconds, reflecting rapid feed-381 forward inhibition from Golgi cells. The importance of the excitation/inhibition balance in granule 382 cells has been discussed elsewhere (D'Angelo et al., 2013; Mapelli et al., 2014) .
384
Convergence of inputs to Purkinje cells 385
We found that Purkinje cells receive signals from the neocortex not only via the mossy fiber-386 parallel fiber pathway but also via climbing fibers. This finding is consistent with anatomical 387 observations that Purkinje cells in the 6+ compartment (D1 band) receive inputs from climbing 388 fibers from the ventral principal olive, which receives inputs from the area parafascicularis is also in line with classical physiological studies showing a convergence of mossy and climbing fiber signals originating from the same neocortical areas in cats and monkeys  mice had two clear peaks. In this study, we collectively referred to these early responses as the The mice were anesthetized with an initial dose of a mixture of ketamine (86 mg/kg body weight) μ m in the crus II area. In VGAT-ChR2 mice, the somatosensory cortex was optogenetically inactivated by illuminating the surface with an optic fiber (0.39 NA, Ø400 μ m, FT400EMT;
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Black bar indicates the duration of air puff, whose onset is indicated by the vertical dotted line.
546
(C-E) The peak amplitudes of S1 field potentials (C) and the early (D) and the late (E) components of 547 cerebellar GCL field potentials (n = 5). Means ± SEMs are presented as black bars and lines, 548 respectively. 
555
(A) Whole-cell current clamp recordings from putative mossy fiber boutons (MFB; n = 3). MFB #1 was 556 from a VGAT-ChR2 mouse, whereas MFB #2 was from an Aldoc-Venus mouse. Firing of MFB #1 was 557 not affected by photoinhibition of S1 (not displayed). Three sample traces from each MFB are shown.
558
MFBs were categorized as the early or the late type on the basis of their timing of firing.
559
(B) Spike patterns were analyzed in the same manner as described for Figures 2D, 2E , and 2F. 
580
resulting membrane potential at the soma. A realistic model of a granule cell was used as published by 581 (Diwakar et al., 2009) for the NEURON simulation environment (Hines and Carnevale, 1997) without 582 modifications except for AMPA and NMDA conductances, which were systematically changed while the 583 NMDA:AMPA ratio was kept constant (0.2) (Cathala et al., 2003; Powell et al., 2015) . Excitatory 584 synaptic conductances, each of which consists of two synaptic events with a 3 ms interval, were applied 585 to two dendrites with a separation of 20 ms. Inhibitory synaptic conductances, each of which consists of 586 a single synaptic event with a 3.5 ms delay from the onset of excitatory synaptic conductance, were 587 applied with a separation of 20 ms and a constant maximal conductance (756.35 pS). 
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(A) Average time histogram (2 ms bin, n = 19) of SS from trials with CS responses (red) and without CS 603 responses (black) under the control condition and those without CS responses during photoinhibition of 604 S1 (blue) are shown. In S1 photoinhibition, trials with CS responses were rare and therefore omitted in 605 this analysis.
606
(B) SS numbers were measured during the times indicated by bars in (A), the same timings as in Figure  Figure S9 . Effects of S1 photoinhibition on spontaneous SS and CS in Purkinje cells.
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(A) Representative recordings; simultaneous field potential recordings from S1 (top) and unit recordings 
